• Decreasing GABA function within the PFC decreased social behavior.
Introduction
Sociability, or the tendency to seek social interactions, is disrupted in a number of psychiatric conditions including notable deficits in autism-spectrum disorder (ASD) [1] [2] [3] [4] and schizophrenia [1] [2] [3] [5] [6] [7] 8] . Indeed, social dysfunction in psychiatric conditions is increasingly being recognized as a major obstacle for treatment of psychiatric conditions [5, 9] . As such, understanding the neural systems mediating social behaviors is of the utmost importance.
A number of studies suggest that the corticolimbic circuitry, including the medial prefrontal cortex (PFC) and the basolateral amygdala (BLA), play a role in regulating social behaviors [2, 10] . Indeed, optogenetic activation of medial PFC pyramidal neurons caused a reduction in social interactions in the social interaction test and reduced social preference in a 3-chamber social preference test in rodents, tests of affiliative social behaviors [11] . In contrast, lesions of the medial PFC lead to increases in social behavior in rats [12] . Similarly, activation of the BLA leads to a reduction in social behavior in the social interaction test [13] , while suppressing glutamatergic transmission by blocking NMDA and/or AMPA receptors within the BLA leads to an increase in social interactions [14] .
Finally, a recent study found that activation of the BLA projections to the PFC decreased social behaviors while concurrently increasing non-social behaviors related to exploration in a resident-juvenile intruder paradigm [15] .
The inhibitory neurotransmitter GABA has been implicated as one of a number of neurotransmitter systems that regulate sociability. Indeed, widespread reductions in GABA transmission decrease sociability in the social preference test [16, 17] . Furthermore, a selective reduction in NMDA receptor NR1 subunits on parvalbumin-containing GABA neurons (a manipulation that decreases activation of these neurons) also decreases social approach in a social preference test [18] . In contrast, potentiating GABA signaling using the benzodiazepine (BDZ) diazepam improves social approach in NMDA NR1 knockdown mice, mice that exhibit a deficit in social approach [19] . The proposed involvement of GABA in social behavior is confirmed by manipulations that decrease GABA transmission within specific brain areas. For example, reducing GABA signaling within either the striatum [20] or the hypothalamus [21] decreases sociability in the social preference test and social interaction test, respectively.
Notably, GABA dysfunction or alterations in excitatory/inhibitory balance have been implicated in a number of psychiatric conditions including schizophrenia [22] and ASD [23] . In schizophrenia, research investigating GABA dysfunction has mainly focused on changes in GABA function in cortical regions, but abnormalities have also been observed in limbic structures including the amygdala. Within the PFC, reductions in the GABA synthesizing enzyme GAD67-particularly in parvalbumincontaining GABA neurons [24, 25] -as well as reductions in GAT1 [26] , and changes in GABA A receptor subunit expression have all been observed and have been interpreted to suggest a reduction in GABA synthesis and release in this brain area in people with schizophrenia [27, 28] ; reviewed in [22] . Furthermore, polymorphisms in the GAD1 gene (which codes for GAD67) are associated with childhood-onset schizophrenia and with cortical gray matter loss [29] . In the amygdala, early studies suggest changes in GABA function in people with schizophrenia ( [30] and references therein)but there have not been follow-up analyses. That said, recent work suggests that first degree relatives of individuals with schizophrenia have greater BDZ-induced suppression of amygdala activity during an emotion identification task, a finding that implies that GABA is decreased in this brain area and thus there is a compensatory upregulation of GABA receptor number or function [31] . GABA dysfunction is likewise implicated in ASD [23] . Blatt and Fatemi [32] observed that GABA A ␣ 1 receptor subunits and GABA B1 receptors are significantly downregulated in frontal cortical areas. Similarly, reduced GABA A receptor binding has been observed within the anterior cingulate cortex [33] and reduced BDZ binding has also been observed in frontal cortical areas [34] . Moreover, reductions in the GABA synthesizing enzymes GAD67 and GAD65 were observed in cortical areas [35] and a preliminary report suggests that GABA concentrations are reduced in children with ASD [36] . Finally, the hypothesis that GABA dysfunction contributes to ASD symptomology comes from the observations of a high co-morbidity between epilepsy and ASD and the multitude of ASD mouse models that all exhibit changes in GABA signaling (reviewed in [23] ).
The goal of the current experiment was to determine if decreasing GABA transmission specifically within the medial PFC or the basolateral amygdala (BLA) affects sociability in rats. GABA function was decreased in each structure by microinjection of the GABA A receptor antagonist bicuculline methiodide (BMI), a manipulation that has been found to increase in neural activity [37, 38] . Sociability was tested using both the social interaction test and the social preference test. Because positive social interactions are thought to be intrinsically rewarding [39] , we also tested rats basic reward functioning using the sucrose preference test. Finally, because social interactions require intact locomotor activity, we also assessed locomotion in an open field following intra-BLA BMI administration. We have previously shown that intra-PFC BMI administration, at doses used in the current experiment, does not affect locomotor activity [37] .
Methods

Animals
Forty-five male Sprague-Dawley rats between 75 and 80 days of age at the time of surgery were used as experimental rats. An additional 14 male rats, between 50 and 60 days of age at the time of the social interaction test were used as stimulus rats. Rats were maintained on a 14-h/10-h light-dark cycle (lights on at 0700 h) and were group housed until approximately post-natal day (PND) 55. Experimental rats were then housed in pairs or groups of up to 8 until the time of surgery and then were housed singly thereafter. Stimulus rats were housed in groups of 2-3 starting one week prior to the start of and throughout the experiment. To increase exposure of the stimulus rats to other rats, when possible, groups/pairs were changed every 2-3 days (stimulus rats were exposed to a maximum of 3 other stimulus rats during this time). Rats were allowed free access to food (Purina Rat Chow) and water when in their home cages, except when specified below. Experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals [40] and Oberlin College policies.
Drugs and administration
Bicuculline methiodide (BMI) was purchased from Sigma and dissolved in saline to doses of 25 ng/l and 50 ng/l. BMI (25 or 50 ng/l) or vehicle (saline) was infused into the medial PFC or BLA in a volume of 0.5 l/hemisphere, at a rate of 0.25 l/min and infusers were left in place for an additional 2 min. Following infusions, rats were returned to their home cage for a 5 min absorption period prior to testing. Rats were habituated to the infusion procedure using 0.5 l/hemisphere saline infusions on the day preceding the first social interaction test (see below).
Surgery
One week prior to the start of the experimental protocol, experimental rats were anesthetized with 3% isoflurane (3% isoflurane with 0.75 l/min O2) and either implanted with a bilateral guide cannula (26-gauge; Plastics One, Roanoke, VA) aimed at the medial PFC near the border of infralimbic (IL) and prelimbic (PrL) cortices (relative to bregma: AP = + 2.8, ML = ± 0.75, DV = − 3.0 mm from dura [41] ) or two cannulae aimed at the BLA (relative to bregma: AP = − 2.6, ML ± 5.2, DV = − 5.0 mm from dura [41] ). Nineteen rats were implanted with cannulae aimed at the PFC and 26 rats were implanted with cannulae aimed at the BLA. Ketprofen (5 mg/kg, SC, Sigma) was administered prior to surgery as an analgesic. Rats were allowed to recover for at least 7 days prior to the start of behavioral testing.
Behavioral tests
The experimental time line is depicted in Fig. 1 .
Social interaction test
The social interaction test was based on the one described by Lapiz-Bluhm et al. [42] and occurred over 4 days in a 60 × 60 × 40 cm black Plexiglas open field; the floor of the arena was covered in pine bedding material. Fig. 1 . Experimental timeline. Rats underwent surgery to implant cannulae into either the medial prefrontal cortex (PFC) or basolateral amygdala (BLA) and then were allowed approximately one week to recover. Following recovery rats underwent 3 (PFC group) or 4 (BLA group) behavioral tests over the course of ∼3 weeks: the social interaction test, the sucrose preference test, the social preference test and finally a test of locomotor activity (BLA group only). Prior to each test, rats were infused with BMI (0-50 ng/l/side). Following the completion of behavioral testing rats were perfused, their brains extracted and then their cannulae placements assessed.
On days 1-3, rats were handled and then placed individually (experimental rats) or in pairs (stimulus rats) in the center of the open field. After 5 min, rats were removed from the open field and the bedding mixed to redistribute odors that could affect social behavior. On day 4, the experimental rats were treated with the appropriate drug dose, returned to their home cage for a 5-min period absorption period and then placed in the open field with a "stranger" stimulus rat for 5 min. The social interaction was videotaped for off-line analysis of the number of experimental rat initiated social interactions (sniffing, climbing on/under, chasing, wrestling) and total time the experimental rat engaged in social behavior (based on procedures described in [42] ). Aggressive or defensive behaviors were not observed during the social interaction test and thus were not scored.
Sucrose intake test
The sucrose preference test was conducted over 3 consecutive days and consisted of habituation days and a test day. On habituation day 1, rats were provided with 2 water bottles; one containing 1% sucrose and the other containing water. On habituation day 2 (24 h after introduction), the left/right location of the sucrose and water bottles was reversed. On the test day (day 3), both water bottles were removed and the rats were water deprived for 4 h. After 4 h the 30-min test was administered. During the test the rats were provided with 2 water bottles: one contained 10% sucrose, the other contained water. At the end of the test, the volume of each liquid consumed was recorded and used to calculate the sucrose preference index ([sucrose solution consumed (ml) − water consumed (ml)]/[sucrose solution consumed (ml) + water consumed (ml)] × 100).
Social preference test
Social preference was tested using a modified version of the 3-chamber social preference test described by Moy et al. [43] and was similar to the version used by Mielnik et al. [19] . Social preference testing took place in the same Plexiglas open field used in the social interaction test and contained two acrylic restrainers (Harvard Apparatus) located in opposite corners.
On days 1-2, experimental rats were individually habituated to the arena containing the restrainers for 5 min; during habituation the restrainers were empty. On day 3, the experimental rat was placed in the arena for a 5 min test. During the test, one restrainer contained the stimulus rat (i.e., the social stimulus) and the other contained the inanimate, plastic rat (i.e., the non-social stimulus). The location of the social and the non-social stimuli was counterbalanced across rats both within and between groups. Between tests the restrainers were cleaned with isopropyl alcohol and thoroughly rinsed with water and the social and non-social stimuli were rotated between different restraint tubes so as to minimize the impact of olfactory cues on the behavior of the experimental rat. The test session was videotaped and the time the experimental rat spent exploring the restrainer containing the social stimulus and the time spent exploring the restrainer containing the non-social stimulus across the 5 min test was measured. These data were used to calculate a social preference index: ([social stimulus (sec) − nonsocial stimulus (sec)]/[social stimulus (sec) + non-social stimulus (sec)] × 100).
The stimulus rats were habituated to confinement in the restrainers over 3 days; on each day they were confined to the tube for 5 min. The acrylic restrainer was suitable for use for rats weighing up to 500 g (Harvard Apparatus); stimulus rats typically weighed ∼300 g.
Locomotor activity
Because locomotor activity can affect the ability to interact socially and because some drug manipulations can affect locomotor activity, locomotor activity was assessed using 60 × 60 × 30 cm activity chambers (Med-Associates) over 4 days in rats infused in the BLA (previous research indicated that intra-PFC BMI infusions do not affect locomotor activity [37] ). On days 1-3, rats were habituated to activity chamber for 30-min. On day 4, the rats were infused with vehicle or BMI (25 or 50 ng/l), returned to their home cage for 5 min and then put in the activity chamber for 30 min. A computer program tracks the distance travelled (cm) by the rat during the sessions.
Histology
At the end of the experiment, rats were deeply anesthetized with sodium pentobarbital (100 mg/kg, IP) and transcardially perfused with 0.9% NaCl followed by 4% paraformaldehyde. Following perfusions, brains were removed, post-fixed for 24 h and then cryoprotected in 30% sucrose prior to slicing on a microtome. Sections (40 m) were mounted on slides, stained with cresyl violet and used to assess the location of cannulae.
Statistical tests
A blind rater scored the videos of the social interaction and social preference tests. Data were analyzed with either one-way (condition) or two-way (condition X behavior/location/bottle/time) analyses of variance (ANOVAs); in all cases condition was a between-subjects factor while the other factor (behavior/location/bottle/time) was a within-subjects factor. Post-hoc analyses were conducted using an estimated marginal means procedure using a Bonferroni comparison. Preference Index data (social preference and sucrose preference tests) were also analyzed using a one-sample t-test to determine if the preference score was significantly greater than 0 (no preference). Adapted from [41] .
Results
Histology
Cannulae placements are depicted in Figs. 2 and 3 . In the PFC experiment, one rat was excluded (n = 1, 50 ng/l) because its cannulae placements were located outside of the PrL or IL; this left a total of 6 rats per dose of BMI administered (Fig. 2) . In the BLA experiment, five rats were excluded (n = 2, 0 ng/l; n = 3, 50 ng/l) because cannulae placements were located outside of the BLA; this left a total of 6-7 rats per dose of BMI administered (Fig. 3 ). An additional rat (BLA 0 ng/l) was excluded from the analysis for the social interaction test due to a unilateral infusion; this rat was included in the analyses for the subsequent behavioral tests.
Social interaction test
PFC
BMI administration affected the total time rats engaged in social interactions (F(2, 15) = 5.04, P < 0.05; see Fig. 4A ). Bonferroni Adapted from [41] .
comparisons showed that BMI (25 ng) significantly decreased the amount of time spent engaged in social interaction relative to vehicle (P = 0.04), and there was a trend for BMI (50 ng) to decrease social interaction time (P = 0.06).
Regardless of the dose of BMI administered, there were significant differences in the frequency that rats engaged in the different types of social behaviors measured (F(3, 45) = 120.05, P < 0.01; see Fig. 4B ); rats engaged in sniffing behavior more than any of the other behaviors measured (all P < 0.01). BMI administration significantly affected the total number of social interactions (F(2,15) = 3.92, P < 0.05) but did not affect the type of social behavior engaged in (F(6, 45) = 1.09, P > 0.05). Bonferroni comparisons showed that there was a trend for BMI (50 ng) to decrease the number of social interactions relative to vehicle (BMI 0 ng) (P = 0.06).
BLA
There was a trend for intra-BLA administration of BMI to affect the time engaged in social interactions (F(2, 18) = 2.83, P = 0.09; see Fig. 4C ). Subsequent Bonferroni comparisons showed that there was a trend for rats treated with BMI (50 ng) to spend less time engaged in social interactions than did rats treated with vehicle (BMI 0 ng) (P = 0.09).
Regardless of the dose of BMI administered, there were significant differences in the frequency that rats engaged in the different types of social behaviors measured (F(3, 51) = 33.03, P < 0.05; see Fig. 4D ); rats engaged in sniffing behavior more than any other type of behavior (all P < 0.01). There was a trend for dose of BMI administered to affect the number of social interactions (F(2,17) = 3.09, P = 0.07). Subsequent Bonferroni comparisons revealed that there was a trend for rats treated with the BMI (50 ng) to engage in fewer interactions than rats treated with vehicle (BMI 0 ng) (P = 0.07).
Social preference test
PFC
Intra-PFC BMI administration affected the size of the social preference index (F(2,15) = 3.80, P < 0.05; see Fig. 5A ). Subsequent Bonferroni comparisons showed that there was a trend for BMI (50 ng) to decrease the preference index (P = 0.06) relative to vehicle (BMI 0 ng). Furthermore, following BMI (0 ng and 25 ng) administration rats exhibited a preference for spending time with the social stimulus relative to the non-social stimulus (both t(5) > 5.12, P < 0.05). In contrast, following BMI (50 ng) administration rats did not exhibit a preference in where they spent their time (t(5) = −0.07, P > 0.05).
Dose of BMI administered significantly affected the time spent in the vicinity of the stimulus and non-stimulus rats during the social preference test (F(2, 15) = 3.68, P < 0.05, see Fig. 5B ). Bonferroni comparisons showed that rats treated with vehicle (BMI 0 ng) spent more time in the vicinity of the restrainer containing the social stimulus relative to the time spent near the non-social stimulus (P < 0.05); there was a trend for rats treated with 25 ng BMI to do the same (P = 0.07). There was no difference in the amount of time that rats treated with BMI (50 ng) spent in the vicinity of the social and non-social stimuli (P > 0.05). Moreover, rats treated with BMI (50 ng) spent less time in the vicinity of the social stimulus than did vehicle-treated rats (P < 0.05).
BLA
Intra-BLA BMI administration did not affect the size of social preference index (F(2, 18) = 1.36, P > 0.05, see Fig. 5C ). However, the social preference index was only greater than 0 following administration of 0 ng and 25 ng BMI (both t(6) > 3.71, P < 0.05), not following administration of 50 ng BMI (t(6) = 0.59, P > 0.05).
Rats spent more time near the stimulus than the nonstimulus rat (F(1,18) = 14.20, P < 0.05; see Fig. 5D ); furthermore, the dose of BMI administered affected where rats spent their time (F(1,18) = 4.69, P < 0.05). There was not, however, an interaction between the dose of BMI administered and the location where rats spent their time (F(2,18) = 1.91, P > 0.05). Bonferroni comparisons showed that following administration of vehicle (BMI 0 ng) rats spent more time in the vicinity of the social stimulus than they did in the presence of the non-social stimulus (P < 0.05); the same was not true following BMI (25 ng and 50 ng) administration (both P > 0.05).
Sucrose intake test
PFC
During the habituation phase, all rats displayed a preference index that was significantly greater than 0 (all t(5) > 3.0, P < 0.05), but there were no group differences in the size of the preference index (F(2,15) = 0.71, P > 0.05) (data not shown).
During the test phase, there was no significant group differences in size of the sucrose preference between groups, (F(2,15) = 2.81, P > 0.05). Furthermore, all groups exhibited a preference for the sucrose solution as indicated by the observation that all sucrose 5 . Social preference test. Intra-PFC infusions of BMI tended to decrease the social preference index (A). Moreover, following BMI (50 ng) the social preference index was not significantly greater than zero meaning that rats did not exhibit a preference for the social stimulus versus the non-social stimulus. B) Rats infused with vehicle (0 ng) or BMI (25 ng) spent more time exploring the social than the non-social stimulus, this was not true of rats infused with BMI (50 ng). Intra-BLA infusions of BMI did not affect the size of the social preference index but the social preference index of rats infused with BMI (50 ng) was not significantly greater than zero (C). D) Rats receiving intra-BLA vehicle infusions spent significantly more time exploring the social than the non-social stimulus; the same was not true for rats infused with BMI (25 ng or 50 ng). *P < 0.05, relative to 0 ng BMI. P < 0.05, relative to a social preference index of 0. ˆP < 0.05, relative social stimulus. preference scores were significantly greater than 0 (no preference) (all t > 14.47, P < 0.05; see Fig. 6A ). The sucrose preference was confirmed by the observation that rats, regardless of condition, consumed more sucrose (10%) solution than water (F(1, 15) = 104.01, P < 0.01, see Fig. 6B ); an effect that was not influenced by dose of BMI infused (no interaction or effect of condition, both F < 2.78, P > 0.05).
BLA
During the habituation phase, all rats displayed a preference index that was significantly greater than 0 (all t(6) > 2.52, P < 0.05), but there were no group differences in the size of the preference index (F(2,15) = 0.75, P > 0.05) (data not shown).
During the test phase, there was no effect of BMI on the size of the preference index (F(2,15) = 1.92, P > 0.05; see Fig. 6C ), subsequent tests indicated that the sucrose preference index was significantly greater than 0 for the 0 ng and 50 ng doses of BMI (both t(6) > 4.43, P < 0.05), but not for the 25 ng dose (t(6) = 1.10, P > 0.05). Furthermore, all rats consumed more sucrose (10%) solution than water (F(1,18) = 26.68, P < 0.05; see Fig. 6D ); an effect that was not influenced by dose of BMI (no interaction or effect of condition, both F < 0.62, P > 0.05).
Locomotor activity
BLA
Locomotor activity decreased across the three habituation sessions (F(2, 36) = 33.24, P < 0.05), with activity being greater on habituation session 1 than habituation sessions 2 and 3. That said, there were no differences in locomotor activity between the different drug groups over the 3 days of habituation (both F < 1.54, P > 0.05, data not shown).
Locomotor activity decreased across the 30-min test session (F(5, 90) = 41.40, P < 0.05); this effect was not influenced by BMI administration (both F < 1.15, both P > 0.05; Fig. 7A ).
When total activity during the test was analyzed taking into account whether rats spent more time in center or the periphery of the locomotor activity chamber, there was significant effect of location (F(1,18) = 41.40, P < 0.05, Fig. 7B ), with rats spending more time in the periphery than in the center of the chamber (P < 0.01). There was not, however, any effect of BMI dose administered or an interaction (both F < 1.59, P > 0.05). 6 . Sucrose intake test. With one exception (intra-BLA BMI 25 ng), all rats exhibited a preference for sucrose as indicated by a sucrose preference score that was significantly greater than 0 (A, C). Furthermore, regardless of condition, all rats consumed significantly more 10% sucrose than water (B, D). P < 0.05, relative to a sucrose preference index of 0. ˆP < 0.05, relative to water.
Discussion
In the current experiment, GABA A receptor blockade within the PFC caused a significant reduction in social behavior as measured by the social interaction and the social preference tests. Within the BLA, GABA A receptor blockade also reduced sociability in both behavioral tests, but the magnitude of the reduction in social behaviors was not, in all cases, statistically significant. In the social interaction test, BMI infusions reduced both the time the experimental rats engaged in social interactions with an unfamiliar rat and the total number of interactions with that rat. Notably, the decrease in social interactions cannot be accounted for by a reduction in any one specific behavior measured (sniffing, chasing, grooming, wrestling; aggressive and defensive encounters were not observed), rather it was due to a general decrease in affiliative social behaviors. It should be noted that in the current experimental context, only social interactions initiated by the experimental rat were assessed. That said, because of the reciprocal nature of the social interaction test, it is possible that the behavior of the stimulus rat was affected by the behavior of the experimental rat (and vice-versa); this could have impacted the total amount of time that the experimental rat engaged in social behaviors [44] . In the social preference test, BMI infusions caused a reduction in both the social preference index (PFC only) and the amount of time rats spent exploring the social versus the non-social stimulus. Notably, the social preference test measures social approach by the experimental rat and is less likely to be influenced by the behavior of the stimulus rat because there is no direct contact between the two rats [44] . Thus, the results of the two behavioral tests are consistent and suggest that decreasing GABA transmission within either the PFC or the BLA leads to a reduction in sociability.
The degree to which rats engage in social behavior is governed by both social and non-social factors. Thus, other than a change in sociability per se, there are a number of alternative explanations for why sociability scores may have decreased following BMI administration into the PFC or BLA. First, a reduction in social interactions could reflect an increase in general anxiety [45] . In the current experiment, care was taken to test animals under low anxiety conditions that promote the assessment of social behaviors [46] ; rats were extensively handled and habituated to the arena prior to testing and both habituation and test sessions took place under red light conditions. This resulted in fairly high levels of social interaction for control animals (∼40% time engaged in experimenter rat initiated social interactions). That said, it is possible that BMI infusions decreased social interaction due to an increase in general anxiety. Contrary to this possibility, intra-BLA BMI infusions did not increase anxiety as measured by locomotor activity in the current experiment. Nevertheless, intra-BLA infusions of BMI, at a dose comparable to the ones used here, have previously been found to increase anxiety as measured in a conflict test [13] . Moreover, intra-PFC infusions of BMI have been found to increase anxiety as measured in the elevated plus maze; however this effect was observed following administration of BMI doses that were ten times those used in the current experiment [47] . Thus, although data from the current experiment suggests that a general increase in anxiety did not contribute to the change in social behavior, this possibility cannot currently be ruled out. Second, positive social interactions are inherently rewarding [39] , and thus it is possible that a change in basic reward processing could underlie the reduction in sociability. In the current experiment, rats that received either BLA or PFC infusions of BMI exhibited, in general, normal sucrose preference, a basic measure of reward processing [48] . The one exception to this were rats that received intra-BLA infusions of BMI (25 ng); in this group, the reduction in sucrose preference was primarily driven by two rats that also exhibited smaller preference index scores during the habituation phase (i.e., <20). Alternatively, it is possible that a change in motivation, rather than a change in reward processing per se, could mediate the reduction in sociability. Previous research has found that intra-PFC infusions of BMI either enhanced motivation for brain stimulation reward [37] or did not alter motivation for food reward when rats were responding on a progressive ratio schedule [49] ; thus it is unlikely following intra-PFC BMI administration rats were less motivated to interact with the stimulus rats. To our knowledge, it is not known how intra-BLA BMI infusions affect motivation to respond for reward; future research is needed to determine whether this manipulation caused a change in motivation that resulted in the reduction in social behavior. Finally, it is possible that impaired locomotor responses could affect measures of sociability. In the current experiment, we did not find evidence of altered locomotor activity following intra-BLA BMI infusions. Likewise, in previous research, intra-PFC infusions of BMI at the doses used in the current experiment did not affect locomotor activity [37, 50] . In sum, although a number of non-social factors could affect social behavior, it appears that several of these factors are unlikely to account for the change in social behavior observed in the current experiment. Rather, the observed changes in social behavior likely reflect changes to a number of social factors that can influence sociability.
Social motivation (motivation or drive to engage in social behavior), social anxiety (fear or avoidance of social interactions) and social cognition (ability to interpret both verbal and non-verbal social cues of other animals) [2] are essential social factors that govern sociability. Unfortunately, although the social interaction test and social preference test are both widely used behavioral tests of sociability, they do not allow researchers to clearly delineate between these social factors when determining why social behavior changed. Thus, future research will be needed to identify which of these social factors contributes to the reduction in social behavior observed following disruption of GABA transmission within either the PFC or BLA.
Our results support the notion that both the medial PFC and BLA are key components of the neural networks that comprise the social brain [2, 10] . BMI is known to increase PFC neuron activity [37, 38] . As such, our results are consistent with those of Yizhar et al. [11] , who found that optogenetic activation of PFC pyramidal neurons lead to a reduction of social interactions and social preference. Moreover, lesions of the medial PFC have been shown to increase social behaviors in the social interaction test [12] . These data suggest that activation of the PFC decreases social behavior, while decreasing PFC activity increases social behavior. Similarly, activation of the BLA has previously been found to decrease sociability in the social interaction test [13] . Our results replicate and extend this finding, showing that increasing BLA activity also decreases social preference.
The PFC and BLA have dense reciprocal interactions [51] [52] [53] [54] [55] [56] and thus it is possible that the effects of intra-PFC and intra-BLA BMI infusions observed in the current experiment are not independent. Rather, the effect of PFC activation on social behavior could be a result from PFC-mediated activation of the BLA or vice-versa. Indeed, the effects of both manipulations were remarkably similar across behavioral tests. It is noteworthy that Felix-Ortiz et al. [15] recently found that increasing activity of only the BLA neurons that project to the medial PFC was sufficient to cause decreased social interactions using a resident-juvenile intruder paradigm. It remains to be seen whether a similar manipulation would also decrease social behavior in the social interaction and social preference tests and whether activating only the PFC neurons that project to the BLA (i.e., the reciprocal connection) would also be sufficient to cause a change in social behavior.
Disruptions in social behavior are a key feature of a number of psychiatric conditions including ASD and schizophrenia (e.g., [1] ). Notably, GABAergic dysfunction has been postulated to underlie the symptoms of both of these conditions (e.g., [22, 23] ). The current experiment suggests that GABAergic dysfunction specifically within either the medial PFC or the BLA could feasibly lead to observed changes in social behavior in these conditions. As such, it is possible that enhancing GABA tone could be a viable therapeutic strategy [23] . Indeed, BDZ have prosocial effects in the social interaction test under a variety of conditions [45, 57] including when used in an animal model of schizophrenia [19] . However, classic BDZ are used somewhat reluctantly to treat conditions such as ASD and schizophrenia because of their sedating and hypnotic side effects. New research however, employing subunit selective or atypical BDZ, shows promise for alternative treatment strategies. Indeed, Han et al. [58] showed that enhancing GABA tone with low doses of clonazepam (a BDZ positive allosteric modulator (PAM)) or clobazam (an atypical BDZ PAM) enhanced social behavior in the BTBR mouse model of ASD, but not in wild-type mice. Further, L838,417, a BDZ PAM at ␣ 2/3 -subunit containing GABA A receptors, improved sociability in BTBR mice, but not in WT mice [58] . In contrast, zolipdem, a BDZ PAM selective for ␣1 -containing GABA A receptors, decreased social interactions, possibly due to its sedative effects [58] . Additionally, Richetto et al. [59] showed that SH-053-2 F-S-CH3, a BDZ PAM with partial selectivity at ␣ 2 , ␣ 3 , and ␣ 5 subunits of the GABA A receptor, improved social preference deficits in an immune-response mediated neurodevelopmental model of schizophrenia. Not only do these data suggest that subunit selective BDZ PAMs may be effective therapeutic strategies, but they also suggest that only a subset of GABA A receptors are involved in the regulation of social behaviors.
Conclusions
In summary, the data from the current experiment suggest that decreasing GABA transmission at GABA A receptors in either the medial PFC or the BLA is sufficient to lead to social withdrawal or avoidance as measured in the social interaction test and the social preference test. Moreover, the change in sociability is unlikely to result from changes in locomotor behavior, general anxiety or reward processing. Considering that changes in GABA signaling are observed in a number of psychiatric conditions that exhibit changes in social behavior, for example ASD and schizophrenia, these data suggest that strategies that potentiate GABA signaling could be explored as novel treatments for such disorders.
